Abstract-Self-sustained discharge excitation of CO,, Xe, F, and HF laser transitions using a transverse electrodeless RF (TERF) configuration is investigated. Homogeneous long-duration excitation of highpressure laser gas mixtures is demonstrated, and the operating characteristics associated with the four laser species in this discharge environment are explored.
INTRODUCTION
LECTRICAL excitation of high-pressure (-1 atm) laser gas mixtures has been a subject of intense investigation for more than a decade. As a result, a number of viable excitation techniques have been identified and a large body of information describing a variety of approaches is available in the literature [l] . Although many novel excitation schemes have been reported, the three most popular techniques are direct electron beam excitation, electron beam controlled discharges, and selfsustained transverse discharges. Unfortunately all of these approaches exhibit intrinsic limitations on pulsewidth and pulse repetition rate. These are typically imposed by discharge instabilities in the laser medium, use of spark gap or thyratron switching, or limits on electron beam pulse duration and repetition rate. The operating parameters of many high-pressure gas lasers directly reflect these characteristic limitations of the excitation system, and it is desirable to explore new approaches to the excitation problem which allow maximum flexibility in the choice of duration, repetition rate, and level of excitation.
In the following sections we describe high-level excitation of high-pressure laser media using a transverse electrodeless RF (TERF) discharge. This configuration combines the modulation capabilities of vacuum tube electronics with the discharge stability afforded by lossless capacitive ballasting [2], [3]. Consequently, homogeneous variable-duration discharges in high-pressure gas mixtures can be produced at almost arbitrary repetition rates.
In addition, the electrodeless geometry is particularly well suited to excitation of chemically reactive species or construction of sealed-off devices since metal electrodes are not in contact with the active medium. These features are obtained with some sacrifice of volumetric scalability so that excitation volumes are typically limited to a few cubic centimeters. However, these volumes are sufficient to produce powers in the kilowatt range from high-efficienty systems so that the volumetric limitation is not severe. L is used to improve impedance matching. Gas flow is along the optic axis in (a), whereas a transverse flow is used in (b).
RF excitation of the type described here conceivably could be applied to a number of laser systems to obtain compact, medium-power laser sources at a variety of wavelengths. As a preliminary effort in evaluating the general utility of the excitation technique, we have constructed lasers operating on transitions in C 0 2 , Xe, F, and HF and explored their performance over a range of experimental conditions. The results of these experiments demonstrate the potential of TERF excitation as well as some of the limitations encountered in specific systems.
APPARATUS
In the TERF configuration, the discharge takes place between two dielectric sheets which act as a distributed capacitive bal-
. The physical embodiments of this configuration which were used in the laser experiments are shown in Fig. 1 . The discharge is confined between two 0.6 X 25 X 150 mm A1203 strips which are separated by 2 mm. The primary difference between the two devices shown in Fig. 1 is the gas flow direction which is longitudinal (along the optic axis) in Fig. l(a) and transverse in Fig. l(b) . The transverse flow arrangement is well suited for implementation in a fast-flow configuration.
The RF source used in the experiments consisted of a power amplifier constructed from four EIMAC 4PR60 power tetrodes which are operated in parallel and driven by a small 30 MHz QUANTUM ELECTRONICS, VOL. QE-16, NO. 9, SEPTEMBER 1980 Fig. 2 . Equivalent electrical circuit for the discharge configurations of Fig. 1 . Capacitance C is due to the dielectric ballast sheets. The intragap capacitance Cg is generally negligible compared to the discharge resistance Rd.
load is approximately 100 kW, although maximum average power is limited to -100 W. Power levels can be varied by adjusting plate bias voltages. Output pulse duration is electronically variable from 1.5-30 p s , and pulse repetition rates are limited only by the constraints imposed by pulse duration and average power capability. The RF output voltage is applied to copper or brass electrodes on the exterior of the A l a O3 ballast sheets. The intense RF field which is capacitively coupled into the discharge region produces breakdown and gives rise to a level of excitation which is a function of the applied voltage, the RF frequency, the thickness and dielectric constant of the dielectric sheets, and the discharge parameters of the gas. After breakdown the impedance between the two metal electrodes can be modeled approximately by a resistive component due to the discharge itself in series with a capacitive component due to the dielectric ballast sheets as shown in Fig. 2 . The inductance L in Figs. 1 and 2 is adjusted to enhance impedance matching between this complex impedance and that of the RF source.
The improved homogeneity associated with this discharge configuration can be traced to periodic charge accumulation on the dielectric surfaces. Space charge fields arising from charge buildup oppose the applied electric field. Serving as a negative feedback mechanism, they promote uniformity of the RF current distribution over the dielectric surfaces. This uniformity of current distribution is then extended through the bulk of the gas provided that the separation between the sheets is relatively small. We find experimentally that separations of 1-3 mm produce good excitation homogeneity under most of the experimental conditions encountered. With larger separations the discharge tends to contract into a high-density array of streamers in the higher pressure ranges or in highly electronegative gas mixtures. This compromise between discharge homogeneity and dielectric sheet separation limits the volumetric scalability of the configuration and arises from the necessity of using boundary effects to achieve homogeneity in the bulk of the discharge medium.
The composition and thickness of the dielectric sheets are important factors in the design of an optimized discharge device. Power deposition into the active medium is ultimately limited by dielectric breakdown of the ballast material, and Christensen [2] has shown that the product of the dielectric constant and dielectric strength is an appropriate figure of merit for evaluating the power-handling capabilities of candidate dielectric materials. The thickness of the ballast sheets must be large enough to cause a substantial RF voltage to be developed across the sheets themselves in order to achieve adequate ballasting and homogeneous excitation. Experimentally, we find that when adequate ballasting is evident the voltage across the dielectric sheets is at least as large as the breakdown voltage of the gaseous medium. On the other hand, use of very thick sheets requires that excessively large RF voltages be applied to obtain high-level excitation, and operation is complicated by parasitic breakdown on the device exterior. Within these constraints it is usually possible to choose a dielectric thickness such that impedance matching between the discharge and the RF source is simplified. This is, in essence, the classic problem of choosing elements L and Cin Fig. 2 so that power delivered to Rd (the value of which depends almost inversely upon power dissipated in it) is maximized. It is generally desirable to choose the ballast capacitance C such that approximate impedance matching can be achieved at the maximum drive level by a simple adjustment of L .
The power dissipated in the discharge resistance R d can be estimated easily when the voltage across it is smaller than that across the ballast capacitance C-as is generally required for good ballasting. Under these conditions, the current through the discharge is approximately Vu oC, where V, is the applied voltage across the laser head and w is the RF frequency. Since the peak voltage across the gas cannot radically deviate from the breakdown maintenance voltage V, if the discharge is to be self-sustaining at a finite current level, the power deposited into the discharge medium is approximately In order to use (1) to estimate discharge power, it is necessary to have a reasonably reliable value of V,, the voltage required to sustain the discharge. This was obtained experimentally for the gases of interest by initiating a discharge in the appropriate gas mixture using a 5 ps RF pulse applied at 200 pps and slowly reducing the applied voltage until the discharge extinguished. The minimum value of applied voltage at which the discharge could be maintained was taken to be a good estimate of V,. Plots of V, as a function of pressure for several of the gases used are shown in Fig. 3 . Since several electron generation and loss mechanisms-diffusion, attachment, secondary emission at the dielectric surfaces, and sur-face and bulk recombination-are operant in this configuration [4] , elucidation of dominant physical processes from these curves is difficult.
Each of the two 0.6 mm A1203 strips used in the experiments exhibited a capacitance of 14 pF/cm2. Since the maximum voltage which could be applied to the laser head was limited by parasitic exterior breakdown to -20 kV p-p, pump power levels were typically limited to 10-20 kW/cm3 for atmospheric pressure gas mixtures. The peak-power capabilities of the RF source were not fully utilized under these conditions, and higher drive levels would have been achievable with the use of thinner dielectric sheets or higher RF frequencies.
LASER EXPERIMENTS AND DISCUSSION
Excitation of optical transitions in COz , Xe, F, and HF by TERF discharge techniques was carried out using the discharge configurations of Fig. 1 . For all of these systems, pulse energy was measured as a function of pressure and limitations on system parameters, like pulse duration, and repetition rate were explored. Investigations of Xe, F, and HF laser operation were typically carried out under slow gas flow conditions (GO.1 I .
atm/min) and device performance was very similar with either of the configurations of Fig. 1 . Sapphire windows, a goldcoated 3 m total reflector, and partially transmitting metalized flat output couplers were used in these experiments. Since all of these systems exhibited high gain, output couplers with 20-50 percent transmission were employed. Due to the relatively small 2 mm separation between the ballast sheets, the C 0 2 transitions operated in a waveguide mode, and it was necessary to position the mirrors near the ballast sheets to minimize coupling losses. Consequently, an internal mirror geometry was used in conjunction with the configuration of Fig. 1 (b) , and two dielectric mirrors were positioned 5 mm from the ballast sheets resulting in mirror coupling losses estimated to be less than 1 percent [SI. The configuration of Fig. l(a) was not utilized in the C 0 2 experiments.
In the following paragraphs we present the results of the laser experiments together with discussion and analysis when appropriate.
A. Carbon Dioxide
Carbon dioxide laser excitation using a TERF discharge arrangement has been studied by Lachambre et al. [3] who reported pulses of 13 W peak power at 6 percent efficiency.
This work was undertaken with RF pump power levels more than two orders of magnitude lower than those utilized here, but the laser geometry and gas composition were very similar. Temporally smooth output pulses of duration as long as 80 ps were reported at the pump levels of [3] . In our experiment, however, the optical output pulse monitored by a fast (10 ns rise time) Ge:Au detector typically exhbited a sharp initial transcient reminescent of the gain-switched spike often observed in conventional TEA C 0 2 lasers [ l ] (see Fig. 4 ). Additional temporal structure which was attributed to rotational line switching was often observed throughout the pulse. Optical output was delayed several microseconds after discharge initiation with longer delays observed at the lower pump levels. At 900 torr and a pump level of 9 kW [estimated using (l) ] , the initial transcient in Fig. 4 began 3 ps after breakdown and reached a peak amplitude of 1.8 kW. This was followed by a relatively flat portion which self-terminated after 6 ps. (Termination of the RF drive pulse in Fig. 4 was adjusted to coincide with that of the optical pulse.) At these pump levels the gas temperature is estimated to rise 10-20 K/ps so that pulse termination is apparently due to thermal effects [6] . Dissociation of C 0 2 in the discharge region also may be a contributing factor. At lower pump levels, longer pulse durations could be obtained. Output pulse energy was measured as a function of pressure with a Gen-Tec ED-100 energy meter for output couplers of both 3 and 5 percent transmission. With a 6 p s RF pump pulse, a maximum energy of 4.7 mJ was obtained from the 0.9 cm3 active volume at a pressure of 900 torr (see Fig. 5 ). A maximum laser efficiency of 5 percent was estimated at this optimum pressure. No attempt was made to optimize He/Nz/COz ratios in these experiments. Laser oscillation was achieved at pressures extending to 1500 torr with a 3 percent output coupler. At the higher pressures some discharge filamentation was observed which may explain the decrease in output energy in that region.
Average power as a function of the pulse repetition rate was measured using a Scientech 36-0001 power meter and 10 ps RF pulses. Results are shown in Fig. 6 . The effect of the transverse gas flow rate was investigated even though the maximum achievable flow rate of 50 1 * atm/min corresponded to a flow velocity of only 3 mm/ms' at the 1 atm pressure used in the experiment. Since thermal and molecular time constants corresponding to the 2 mm sheet separation are approximately 100 ps, gas flow effects were not expected to be significant. However, at 50 1 . atm/min flow rates, we did observe increases PRR (Hz) Fig. 6 . Average COP laser power as a function of pulse repetition rate. Total gas pressure was 800 torr. The two curves correspond to the two different gas flow rates indicated. in pulse energy and average power of approximately 25 percent over results obtained under slow-flow conditions. This increase is attributed primarily to convective cooling of the electrodes. Output power increased almost linearly with the pulse repetition rate to a level of 2.1 W at 500 pps. Power supply limitations prevented exploration of higher repetition rates although they are clearly attainable.
B. Neutral Xenon
Neutral xenon transitions were studied under a wide range of experimental conditions. Newman and DeTemple [7] and Lawton et al. [8] have achieved 1.73 pm generation at nearly 1 percent efficiency with high current (-50 A/cm2) discharge excitation of high-pressure argon-xenon mixtures. Our experiments, however, resulted in a mode of operation similar to that observed in low-pressure CW xenon devices. Initial work with Ar/Xe = 100/1 and He/Xe = 100/1 mixtures resulted in laser output which was primarily at a wavelength of 2.62 pm in the argon buffer and 2.03 pm in the helium buffer. Transitions at wavelengths longer than 2.9 pm were not transmitted by the laser output coupler. In both buffers the optical output consisted of two pulses-an initial 500 ns transcient which occurred just after breakdown and a 1-2 ps pulse which appeared in the afterglow immediately after termination of the RF pulse. However, addition of 0.1 percent SF6 to the gas mixture extinguished the afterflow component and resulted in an optical output pulse which closely followed the RF pulse for periods of up to 25 ps as shown in Fig. 7 . The longest optical pulse duration and the best efficiency was observed at RF levels just high enough to produce gas breakdown. Output powers of 30 mW were available from the 0.9 cm3 active volume under long-pulse conditions. Peak powers as high as 1 Fig. 8 . Xenon laser output energy as a function of pulse repetition rate.
Total gas pressure was 400 torr.
W could be attained at higher drive levels with a concomitant decrease in pulse duration to 2 ps. The mechanism limiting pulse duration in these cases is not well understood but may be related to cumulative changes in SF6 concentration during the excitation pulse. The long-pulse operation achieved with the addition of SF6 is apparently the first observation of quasi-CW operation of a neutral xenon laser at pressures above a few torr. In lowpressure longitudinal discharge devices, optimum operating conditions are generally those whch favor high electron energies at current densities of -0.2 amp/cm2 [9] . Specific output powers of substantially less than 1 mW/cm3 are typical in these devices [9] . In the TERF device we find that highest efficiency occurs at RF currents less than 0.5 A/cm3, and the primary effect of addition of SF6 is expected to be an increase in the average electron energy in the discharge: thus, in both pressure ranges, high electron energies appear to be desirable, and the onset of current saturation effects is observed at similar levels. It seems likely, then, that the dominant kinetic processes in the RF discharge are similar to those encountered in low-pressure CW xenon systems. The primary advantage of hgher pressure operation is the increased output power that can be obtained from a given excitation volume.
Pulse energy as a function of repetition rate was investigated using a 2 ps RF pulse duration. Typical results are shown in Fig. 8 . With both Ar and He diluents and 0.1 percent added SF6, pulse energy increased with the repetition rate to a maximum at about 2 kHz and then slowly decreased. At the power supply limit of 20 kHz, substantial laser output was still available. The initial increase in output energy is attributed to changes in composition of the gas filling the active region. Since slow-flow conditions were maintained throughout these experiments, the gas in the active region is repeatedly excited, and the concentration of SF6 and byproducts of its dissociation depend, to some extent, on the pulse repetition rate.
Using the same 2 ps RF pulse, output energy was investigated as a function of total gas pressure. These results are summarized in Fig. 9 which emphasizes the improvement in output energy obtained by adding SF6. Maximum output typically occurred in the 400-600 torr range, Although construction of the laser head [see the configuration of Fig. l(a) ] did not allow exploration of the maximum operating pressure, it is evident from the figure that operating pressures substantially in excess of 1 atm can be utilized. 
C Neutral Fluorine
Neutral fluorine transitions near 700 nm were studied using the RF excitation technique with He/NF3 gas mixtures. About 75 percent of the laser output was in the 712.9 nm line with the remainder equally divided between the 703.9 and 731.1 nm transitions. As shown in Fig. 10 , optical output was typically in the form of a single pulse of -300 ns FWHM which began approximately 100 ns after breakdown. Partial modulation of the optical output at twice the RF frequency was frequently observed. Termination of the optical pulse before the end of the excitation pulse is apparently due to the quasimetastable behavior of the lower laser level stemming from radiation trapping by the ground state [lo] .
Using a Molectron P3 pyroelectric detector calibrated against the Scientech power meter, pulse energy was measured as a function of the total pressure and the pulse repetition rate. The results of these measurements obtained with the optimum He/NF3 = lOO/l gas mixture are summarized in Fig. 11 . Laser operation was achieved at total pressures in the 20-140 torr range. Performance degradation at the higher pressures may be a result of reduced E/N in the discharge since the production mechanism for the upper laser level is thought to be dissociative excitation of NF3 by helium metastables [ 11 ] .
Maximum pulse repetition rates depended upon gas flow rates but typically did not exceed a few tens of pulses per second under the slow flow (<0.1 1 * atm/min) conditions used in the experiments. This apparently reflects reductions in NF3 concentrations in the active region due to repeated excitation. 
D. Hydrogen Fluoride
Hydrogen fluoride laser operation was investigated using an SF6/propane fuel mixture in helium diluent. High-gain laser operation was observed over wide pressure ranges although there was some evidence of discharge filamentation due to the high SF6 concentrations.
Optical output was in the form of a series of short spikes with a total duration of approximately 500 ns (see Fig. 12 ). Although time-resolved wavelength measurements were not carried out, the highly structured pulse shape is thought to reflect temporal switching of rovibronic laser lines in the cascade excitation process [12] . Premature termination of the pulse is attributed to population buildup in the lower HF vibrational states. Pulse shape and total duration was only slightly dependent upon gas composition and total pressure.
Output energy as a function of total pressure for two gas mixtures is shown in Fig. 13 . Without dilution the SF6/C3H, mixtures could seldom be used at pressures above 100 torr. As shown in the figure, however, helium dilution greatly extended Deperdr Strongly on 9 d I f l o w r a t e the operating pressure range, although it led to only minimal improvement in maximum output energy. Very dilute He/SF6/ C3H8 mixtures could be used at pressures well above atmospheric.
Since the presence of HF in the gas mixture results in optical loss at the laser wavelength the gas mixture in the active region must be refreshed completely between pulses. Pulse repetition rate is thus totally dependent upon gas flow rates and was limited to a few pulses per second in the slow-flow conditions used in the experiment. In addition, HF accumulated near the Brewster windows may also be a factor contributing to the relatively low output energy (-10 pJ) and efficiency (-0.1 percent) observed in these experiments.
SUMMARY
We have investigated transverse electrodeless RF discharge excitation of four high-pressure laser species with a smallvolume device utilizing an A1203 capacitive ballast and operated at an RF frequency of 30 MHz. The primary results of the laser experiments are summarized in Table X . These reflect the influence of both the laser kinetics and the excitation process and in some of the systems are not dramatically different from those obtained with other excitation techniques. Overall, however, this study demonstrates the broad applicability of transverse electrodeless RF excitation and supports the following observations regarding the TERF discharge.
1) Homogeneous excitation of many laser gas mixtures at pressures exceeding atmospheric can be achieved for long durations (tens of microseconds or more) using this discharge technique.
2) High pump power levels can be obtained. Pump levels of 10 kW/cm3 were routine in these experiments and were limited primarily by the relatively low RF frequency. No intrinsic limitations on pump power levels were observed.
3) Pulse repetition rates are typically limited by the laser kinetics rather than the excitatioi? device since vacuum tube switching is used throughout.
The TERF configuration thus removes some of the restrictions imposed by more conventional transverse discharge arrangements. A potential application to construction of compact, medium-power sources with rather unique pulse duration and modulation capabilities is suggested by these experiments and awaits further investigation.
